Several neurotransmitters, such as GABA and glutamate, that act via G-protein-coupled receptors inhibit N-and P/Q-type Ca 2+ channels (the different channel types are defined by their electrophysiological properties and sensitivity to various channel blockers). Such modulation of Ca 2+ -channels is likely to be important in presynaptic inhibition, as both N-type and P/Q-type Ca 2+ channels have been found to mediate transmission at central synapses. The initiation and control of Ca 2+ entry is the raison d'étre of action potentials; carefully timed and localized Ca 2+ entry governs neurotransmission, secretion, contraction, cell locomotion and even transcription. Like all proteins, Ca 2+ channel subunits have diverged into related families with different specialized functions. P/Q-and N-type Ca 2+ currents are particularly interesting because they are likely to be directly regulated by G proteins [2] . Almost all ion channels are indirectly regulated by G proteins, acting via the ubiquitous protein kinases A and C, which are controlled by the G-protein-induced signalling cascades.
The activation of N-and P/Q-type Ca 2+ channels requires membrane depolarization to potentials more positive than would be needed to activate T-type Ca 2+ channels. When the membrane is depolarized to a moderate extent (to -50 to 0 mV) the inhibition that follows neurotransmitter engagement with a G-protein-coupled receptor is dramatic, but it can be overcome by strong depolarization (to +80 mV, for example) or a 'facilitating' pre-depolarization. Bean [3] has proposed a simple kinetic framework for understanding these properties (Fig. 1) . In Bean's scheme, the channel is initially in a closed state, but one relatively 'willing' to open following depolarization. Following activation of the G-protein-coupled receptor, a signal transduction cascade is initiated which results in a shift of the channel to a closed state more 'reluctant' to open on depolarization.
Electrophysiological studies using well-known diffusible second messengers did not provide an explanation for this phenomenon, which led Hille [4] to propose that the regulation occurs by events confined to the membrane, perhaps involving a direct action of the activated G protein. Work by Dunlap and colleagues [5] , Ikeda [6] , and the combined Hille and Catterall laboratories [7] has now provided evidence to support Hille's suggestion. Furthermore, the new results show that the control is mediated by the G␤␥ subunits, and not the G␣ subunit, Figure 1 A model of the functional channel states of neuronal noradrenalineregulated N-type Ca 2+ channels [3] . 
Willing
Reluctant which is more commonly thought of as the signalling component of a trimeric G protein.
G proteins perch as heterotrimeric structures on the inner surface of the plasma membrane. When a G-proteincoupled receptor binds its cognate ligand, it changes shape and its intracellular domains catalyze the release of GDP from the G␣ subunit and its replacement by GTP. GTP-G␣ and G␤␥ subunits are set adrift in the plane of the membrane to bind and activate their downstream effector molecules. Their freedom is terminated by the intrinsic GTPase activity of the G␣ subunit, recreating G␣-GDP; G␣-GDP and G␤␥ then come together again, masking the effector-binding surface(s). The first evidence that G␤␥, and not just G␣, can activate its own effector [8] also involved an ion channel, the G-proteingated, inward rectifying K + channel I KACh , which by no coincidence is also activated by several types of Gprotein-coupled receptors.
In the recent studies [5] [6] [7] , Ca 2+ -current inhibition was experimentally reproduced in various systems. Thus, G␤␥ was perfused in chick dorsal root ganglion cells [5] , or expressed in nuclear mRNA-injected rat sympathetic neurons [6] or a cell line expressing the reconstituted Ca 2+ -channel complex [7] of ␣ 1A , ␤ 1b and ␣ 2 ␦ subunits. The authors found that the exogenous G␤␥ mimicked the effect of neurotransmitters in inhibiting [5] [6] [7] and slowing the kinetics of activation [6, 7] of the Ca 2+ current, and also occluded further, transmitter-dependent modulation.
Diversé-Pierluissi et al. [5] found that the inhibition they observed in chick dorsal root ganglion could be blocked by a peptide inhibitor of protein kinase C [5] , implying that this enzyme phosphorylates and inhibits the Ca 2+ channels. This led the authors to suggest that, in their system, G␤␥ works by activating phospholipase C␤ and thereby stimulating production of the protein-kinase-C-activating ligand diacylglycerol.
The results of Ikeda [6] and Herlitze et al. [7] , on the other hand, were interpreted as reflecting a direct effect of G␤␥ on the Ca 2+ channel (Fig. 2 ). Ikeda [6] reported particularly striking and beautiful evidence of such an effect, with complementary data showing the effect is blocked by excess G␣, presumably acting as a G␤␥ buffer. Unlike Herlitze et al. [7] , Ikeda [6] found no effect of the G␤ or G␥ subunit expressed alone; an independent action of G␤ would be surprising, given the in vitro evidence that G␤ and G␥ only form properly as a dimer [9, 10] . The simplest explanation is that G␤ may be assembling with an intrinsic G␥ in the expression system used by Herlitze et al. [7] .
The next phase of this research is bound to be exciting. Both groups who published in Nature [6, 7] , as well as others, are eyeing the linker region between domains I and Dispatch 815
Figure 2
The basic pore of a voltage-gated Ca 2+ channel is made up of the ␣ 1A or ␣ 1B subunit. Interaction of this pore with a ␤ subunit is thought to enhance the voltage sensitivity of the channel, so that it is activated at lower potentials. One model to explain the results of Ikeda [6] and Herlitze et al. [7] (see text) is that the G␤␥ subunits, released from a trimeric G protein following ligand stimulation of a G-protein-coupled receptor, directly compete with the interaction between the ␤ and ␣ 1A/B channel subunits, thereby raising the threshold potential for channel activation. II of the Ca 2+ channel, because it contains the putative G␤␥-binding sequence QXXER [11] . Interestingly, this same region contains the site previously shown [12] to bind the Ca 2+ channel ␤ subunit. The ␤ subunit is known to enhance the voltage-dependence of the Ca 2+ channel formed by the ␣ 1 subunit, as well as to increase functional expression of the channel. One interesting possibility is that the G␤␥ subunit shifts the Ca 2+ channel into the 'reluctant' mode, by blocking or affecting the interaction between the ␤ and ␣ 1 channel subunits. Studies of direct binding of G␤␥ to the linker region between domains I and II are sure to follow.
